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A B S T R A C T   

The biosensor technology has the potential to revolutionize the aquaculture industry, but the selection of tagging 
method, operational mode (stand-alone vs. wireless systems) and telemetry technology ultimately depends on life 
species, life stage and research question. In particular, AEFishBIT is a small and stand-alone device composed of a 
tri-axial accelerometer, a microprocessor, a battery and a RFID tag that was designed to be externally attached to 
the operculum. This unique location serves to provide simultaneous measurements of activity patterns (signals of 
x- and y-axes) and respiratory frequency (z-axis signal) processed by on-board algorithms. The validity of 
measurements was initially proved in exercised fish in a swim tunnel respirometer, and its use as a reliable tool 
for the individual monitoring of whole-organism traits in free-swimming gilthead sea bream was tested herein in 
fish facing a wide range of biotic and abiotic stressors. The impact of the tagging method, based on the use of 
monel piercing fish tags with a flexible heat shrink polyethylene ring, was also evaluated and no signs of growth 
impairment, operculum damage or gill lamellae haemorrhage were found 10 days post-tagging. The autonomy of 
the device was 6 h of continuous recording with re-programmable lag times and recording schedules of 2 min 
windows at regular intervals along the experimental period (2–8 days). Such procedure underlined a negative 
linear correlation between fasting weight loss and operculum breaths, becoming respiratory frequency a reliable 
indicator of basal metabolic rates. Biosensing signals also highlighted the more continuous physical activity and 
increased respiratory rates of young fish when comparisons were made between one- and three-year old fish. 
Also, AEFishBIT measurements evidenced a generalized increase of respiratory frequency during severe hypoxia 
(2–3 ppm), but the individuals classified as proactive fish also shared an increased physical activity for sup-
porting escape reactions in a milieu with low oxygen availability. Likewise, we also observed an overall increase 
of physical activity with the decrease of tank space availability, which can contribute to establish stricter criteria 
of welfare in farmed fish. Finally, the reduction of respiratory frequency was a consistent diagnostic marker of 
the progression of parasitic enteritis in experimentally infected fish with the myxozoan Enteromyxum leei. 
Altogether, this work constitutes the proof of concept of the use of biosensor technology as a reliable tool for an 
individual whole-organism behavioural profiling of farmed fish at laboratory scale, contributing to improve 
animal welfare and productivity of aquaculture industry.   
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1. Introduction 

With the development of new technologies, aquaculture has trans-
formed from traditional labour-intensive farming to mechanized and 
automated production systems. However, automated production re-
quires more skilled workers (Engle et al., 2020), with 5G networks and 
cloud computing driven by the Internet of Things to solve labour force 
limitations (Li and Li, 2020). This requires the collection of information 
through various sensors and digital image acquisition equipment, 
informing of the growth of fish, environmental parameters, operation, 
and resource allocation. Such approach is the basis of the precision 
aquaculture, which will facilitate the increase of aquaculture production 
according to a more ethical and sustainable fish farming in a friendly 
environment (Lennox et al., 2017; Qu et al., 2017; Føre et al., 2018; 
Govindaraju et al., 2019). This also implies measurements of whole- 
organism traits related to health, welfare, and metabolic status (Iva-
nov et al., 2015; Neethirajan et al., 2017; Brijs et al., 2018). Since the 
late 1990s, researchers have employed portable accelerometers to 
investigate energy expenditure, activity patterns and the postural 
behaviour of livestock, companion animals, free-ranging species, labo-
ratory animals and zoo-housed species (Brown et al., 2013; Whitham 
and Miller, 2016). However, it is important to ensure that these devices 
do not negatively impact the animals and, hence, skew the data. Po-
tential negative effects of device tagging include changes in swimming 
performance, feeding and growth, which can even compromise survival 
(Jepsen et al., 2015). These disturbances are highly dependent on tag 
size, and implantation method and site. Thus, the maximum weight in 
air that is generally considered acceptable is no more than 2% of the fish 
body weight (Jepsen et al., 2004). The proposed solution for farmed fish 
within the AQUAEXCEL2020 EU project is a small (15 × 6 × 6 mm, 1.1 g 
in air) and smart device, named AEFishBIT, working in stand-alone with 
an autonomy of 6 h of continuous recording and re-programmable 
schedule protocols (Martos-Sitcha et al., 2019). This device is aimed 
to be used at laboratory scale for rapid and precise individual fish 
phenotyping of behavioural traits of interest, as part of the new gener-
ation of technology-based procedures for the improvement of welfare 
and selective breeding in aquaculture. 

The current AEFishBIT prototype is composed of a tri-axial acceler-
ometer, a microprocessor, a battery, and a RFID tag for quick-smart 
identification. This device was designed to be externally attached to 
the operculum. The z-axis acceleration serves as measurements of 
operculum breathing (respiratory frequency), whereas estimations of 
fish activity are obtained from the x- and y-axes signals. This dual 
recording system was initially validated in a swim tunnel respirometer, 
which yielded strong correlations of AEFishBIT outputs with data of 
forced swimming speed and O2 consumption in juveniles of European 
sea bass and gilthead sea bream (Martos-Sitcha et al., 2019). Of note, as 
part of the validation procedure, we also evidenced fish species differ-
ences in the amplitude and frequency of operculum and body tail 
movements (gilthead sea bream vs. European sea bass), which high-
lighted the anatomical and metabolic adaptive features of European sea 
bass as a fast swimming predator (Ferrer et al., 2020). However, the use 
of AEFishBIT as a reliable and sensitive tool to inform about activity 
patterns and metabolic status in free-swimming fish remains unsolved. 
Thus, using gilthead sea bream as a main reference species, the double 
aim of this work was i) to evaluate the impact on tissue damage and 
growth performance of a routine protocol for the device tagging, and ii) 
to assess the feasibility of on-board AEFishBIT measurements for 
detecting changes in physical activity and respiratory frequency in fish 
facing a wide range of biotic (fasting weight loss, biological age, para-
sitic enteritis) and abiotic (severe hypoxia, tank space availability) 
stressors. 

2. Materials and methods 

2.1. Ethics statement 

All procedures were carried out according to IATS-CSIC and CSIC 
Review Boards, European (2010/63/EU) animal directives and Spanish 
laws (Royal Decree RD53/2013) on the handling of experimental 
animals. 

2.2. Fish 

Tagging and functional tests were conducted with juveniles and 
adults kept from early life stages at the indoor experimental facilities of 
IATS-CSIC. Fish were kept in an open-flow system and fed near to visual 
satiety once-twice per day, 3–6 days per week, depending on the season 
and fish size. All fish were tagged with passive integrated transponders 
(PIT-tags, ID100A 1.25N Transponders, Trovan, Madrid, Spain) for in-
dividual identification. The oxygen (O2) content of water effluents was 
higher than 75% saturation (except when indicated), and day length and 
water temperature followed natural changes at IATS-CSIC latitude (40◦

5′ N; 0◦ 10′ E). 

2.3. AEFishBIT tagging 

The devices were externally attached to the operculum using monel 
piercing fish tags (National Band & Tag Company, Newport, KY, United 
States) with a flexible heat shrink polyethylene tube (Eventronic, 
Shenzen, China) that is able to easily fit the device (https://vimeo.com/ 
325943543). In skilled hands, the entire application procedure took less 
than 30 s per fish, and preliminary tests in fish ranging from 50 to 70 g 
onwards did not show pathological signs of gill haemorrhage or oper-
culum damage 2–3 weeks post-tagging. The impact of the tagging pro-
cedure was further evaluated herein in terms of growth performance in 
one-year-old fish (200–300 g initial body weight) allocated in duplicated 
500 L tanks (15 fish per tank). At the start of the trial (June 2019, 
20–22 ◦C water temperature), eight fish per tank were tagged with 
polyamide dummy devices of the same size (15 × 6 × 6 mm) and weight 
(1.1 g in air) than the functional AEFishBIT prototype (Fig. 1). During 
the trial, fish were fed once daily (12:00 am) near to visual satiety with a 
standard commercial diet (Efico YM 4.5 mm, Biomar, Palencia, Spain). 
Normal behaviour was monitored daily by visual observation, and 10 
days after tagging, fish were individually weighed for the comparison of 
specific growth rates (SGR) of tagged and non-tagged fish. 

2.4. AEFishBIT data acquisition 

AEFishBIT devices were programmed for on-board calculation of 
respiratory frequency and physical activity over 2 min time windows 
each 15 min along two consecutive days, except for the fasting challenge 
(2 min windows each hour along eight consecutive days). The sampling 
frequency was 100 Hz, and the software processing of the raw acceler-
ometer data estimated the respiratory frequency and physical activity 
following the procedures described in Martos-Sitcha et al. (2019) and 
Ferrer et al. (2020). Briefly, the raw z-axis data consisted of a periodic 
oscillatory signal which followed the operculum opening and closing. 
Other movements superimposed to this z-axis signal were angular ac-
celerations related to fish trajectory or side head movement, though the 
dominant periodic component was the operculum movement. To esti-
mate the respiratory frequency, the z-axis signal of the accelerometer 
was integrated to obtain the velocity and bandpass filtered between 0.5 
and 8 Hz to reduce the noise, attenuate the influence of other move-
ments and highlight the periodic properties of the signal. Afterward, the 
number of crosses through zero was divided by two to obtain the signal 
period. This value, averaged over several frames for 2 min to reduce the 
bias, corresponded to the estimated respiratory frequency. To describe 
the physical activity, we relied on the simple optimization principle that 
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the human movements try to perform maximally smooth movements by 
minimizing the first temporal derivative of acceleration, or “jerk” while 
constraining all higher derivatives to zero (Flash and Hogan, 1985). This 
fact has been also applied to measure the intensity of the movement of 
livestock (Hamäläinen et al., 2011), and herein the averaged x-axis and 
y-axis accelerations were derived to obtain the jerk, and their averaged 
energy over 2 min was considered as representative of the physical 
activity. 

In all studies, rearing density varied between 9 and 14 kg/m3 and 
fish remained unfed over the recording time. The devices were recov-
ered at the end of the biological tests for retrieving on-board processed 
data. For each device, clock time drift was previously estimated for post- 
processing synchronization. This time drift was established to be con-
stant for a given device in a temperature range of 4–30 ◦C. 

2.5. Functional test: fasting susceptibility 

AEFishBIT was tagged in one-year-old fish (200–300 g initial body 
weight) to evaluate the association between individual metabolic rates 
and fish susceptibility to fasting weight loss during active feeding pe-
riods (June 2019, 20–22 ◦C water temperature). The programmed de-
vices were attached to 10 randomly selected fish allocated in 3000 L 
tanks (14 kg/m3). After eight days of fasting, the individual weight loss 
was registered, and devices were retrieved for data download and sub-
sequent analysis. 

2.6. Functional test: biological age 

In May 2019 (16–19 ◦C water temperature), one- (+1) and three- 
year-old (+3) fish (eight individuals each) were tagged with AEFish-
BIT devices for recording physical activity and respiratory frequency in 
fish reared in 3000 L tanks at similar densities (9–12 kg/m3) during two 
recoding days. 

2.7. Functional test: severe hypoxia 

In March 2019, juvenile gilthead sea bream (100–120 g initial body 
weight) were placed in a 90 L tank coupled to a recirculation system 
equipped with physical and biological filters, and programmable tem-
perature and O2 controllers. Water temperature was monitored contin-
uously and maintained between 21 ◦C and 22 ◦C. Water O2 
concentration was maintained high (5.5 ppm; 80% O2 saturation) during 
an acclimation period of 7 days. At this stage, eight fish were tagged 
with programmed AEFishBIT and recording started one day later with 
the enhanced decrease of O2 availability by N2 bubbling, from 5.5 ppm 
to 2.0 ppm. Severe hypoxia condition (2.0–3.0 ppm; 20–30% O2 satu-
ration) lasted 3 h, with the recovery of normoxic values in 1 h (Fig. 2). 
For calculation of hypoxic mediated effects on physical activity and 
respiratory frequency, delta values for biosensing signals in the range of 
3.0–2.0 ppm were calculated from linear equations values. 

2.8. Functional test: tank space availability 

Differences in fish behaviour due to available space were monitored 
in May 2019 (18–19 ◦C water temperature) by AEFishBIT recording of 
respiratory frequency and physical activity in randomly-selected fish 
(100–200 g body weight) kept for more than three weeks with non- 
tagged animals (11–12 Kg/m3) in 90 L, 500 L or 3000 L tanks (eight 
tagged animals in each tank size). 

2.9. Functional test: disease progression 

Specific-pathogen-free and clinically healthy gilthead sea bream ju-
veniles (70–130 g initial body weight) were kept in 5 μm-filtered and UV 
irradiated sea water (salinity 37.5 g/L) at 18 ◦C. Fish were challenged 
with E. leei by exposure to infected effluent, mimicking the natural route 
of infection. The experimental infection took place between December 
2018 and April 2019. Briefly, it consisted of a tank holding 52 individ-
ually tagged (PIT-tags) recipient fish (initial weight 25–30 g) receiving 
water effluent from a donor tank holding E. leei-infected gilthead sea 
bream, as described by Sitjà-Bobadilla et al. (2007). After 103 days of 
exposure, fish were tested by a non-lethal probe of the rectal mucosa 
with a cotton swab and qPCR was carried out with specific primers for 
E. leei 18S rRNA gene (Palenzuela and Bartholomew, 2002; Sitjà-Boba-
dilla and Palenzuela, 2012). At day 126 post-exposure, 10 fish with high 
intensity of infection as determined by the diagnostic qPCR (Ct values 
<26) and 10 fish negative for the infection were selected, tagged with 
programmed AEFishBIT devices for on-board calculation of respiratory 
frequency and physical activity every 15 min along two days, and 

Fig. 1. Gilthead sea bream tagged with a dummy device attached with monel 
tag and polyethylene tube procedure. 

Fig. 2. Time-course of O2 levels (ppm) during the hypoxia test.  
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returned to the tank. After recording, devices were retrieved for on- 
board processed data download and analysis. 

On day 132 post-exposure, all 20 fish were sacrificed by over-
exposure to anaesthetic (MS-222 0.1 g/L) and anterior (AI), middle (MI) 
and posterior (PI) intestine samples were taken in 10% buffered 
formalin for standard histological procedures and diagnostic. Infection 
intensity in AI, MI and PI was semiquantitatively evaluated on Giemsa- 
stained histological sections following a scale from 1 (lowest) to 6 
(highest) as previously described by Estensoro et al. (2010). Non- 
infected segments were scored as 0. Infection progression was evalu-
ated taking into account the number of intestinal segments parasitized, 
subdividing the fish into four groups: P-high (AI, MI and PI parasitized; 5 
fish), P-medium (MI not parasitized; 2 fish), P-low (only PI parasitized; 3 
fish) and negative (non-parasitized). 

2.10. Statistical analysis 

Statistically significant differences in processed data were assessed 
by Student’s t-test, one-way ANOVA and Pearson correlation coefficients 
using the Sigmaplot suite (Systat Software Inc., San Jose, CA). The daily 
rhythmicity of the time series analysis was further analysed using a 
simple cosinor model, which fits measurements to a one-harmonic si-
nusoidal regression function (Refinetti et al., 2007). The variables 
derived from this approach were mesor (midline estimating statistic of 
rhythm), amplitude (peak height), and acrophase (timing of the rhythm 
peak). Recorded data from incomplete light and dark phases were 
excluded to avoid any temporal bias. Thus, analysed rhythms typically 
comprised two complete dark and one complete light phase (except 
when indicated). 

3. Results 

3.1. Device tagging is minimally invasive 

Daily visual observation during the tagging trial did not show any 
evident abnormal behaviour in comparison with untagged fish in the 
same tank. At 10 days post-tagging, no signs of operculum or gill 
lamellae damage were found. Also, all fish grew at similar growth rates 
with SGRs of tagged and non-tagged fish varying between 1.14 and 1.19, 
respectively (Table 1). The final body weight and condition factor also 
remained almost equal in both groups of fish, with an overall feed 
conversion ratio (FCR = dry feed intake/wet weight gain) within the 
optimum range for this species and class of size (FCR = 1.05–1.10). 

3.2. Measurements of respiratory frequency inform of fasting 
susceptibility to weight loss 

Over the course of a short fasting period (10 days), we did not detect 
a consistent association between weight loss and physical activity. 
However, a positive linear correlation (P < 0.001) was found between 

weight loss (represented as a percentage of the initial body weight) and 
the averaged respiratory frequency determined by on-board AEFishBIT 
measurements through all the fasting recording time (Fig. 3). 

3.3. Respiratory frequency rather than physical activity is decreased by 
age 

Cosinor adjustment of processed data showed clear (P < 0.001) daily 
rhythms of physical activity and respiratory frequency in fish of class of 
age + 1 and + 3 (Fig. 4). Rhythmicity analysis also highlighted similar 
mesor values of physical activity for these two groups of age. However, 
+1 fish exhibited a more continuous physical activity along the day, as 
evidenced by a rhythm with a lower amplitude (P < 0.001) in fish +1 (A 
= 0.011) in comparison to fish +3 fish (A = 0.022) (Fig. 4A and C). 
Acrophase (maximum) of physical activity was also different in these 
two groups of age (P < 0.001), achieving the maximum activity before 
the usual feeding time in +1 fish, whereas it was almost coincident with 
feeding time in +3 fish. Conversely, the mesor of respiratory frequency 
was higher in +1 fish (M = 1.76; Fig. 4B) than in +3 fish (M = 1.61; 
Fig. 4D), but the amplitude and acrophase were not statistically different 
in both age groups. 

3.4. Measurements of physical activity discriminate proactive fish in 
severe hypoxia tests 

Analysis of on-board AEFishBIT processed data allowed us to 
discriminate proactive or reactive behaviour of fish exposed to severe 
hypoxia. Fish considered as proactive (two out of eight) increased their 
physical activity around 40% under hypoxic conditions, a behaviour 
supporting an escape reaction. The remaining six fish exhibited a reac-
tive behaviour facing the hypoxic episode, with a consistent and large 
reduction of physical activity (Fig. 5A). In contrast, the trend for both 
proactive and reactive fish was an increased respiratory frequency 
during severe hypoxia, though it was especially evident in the case of 
proactive fish (Fig. 5B). This group of fish also had a significantly larger 
body weight than the reactive ones (Fig. 5C). 

3.5. Physical activity is increased with the reduction of space availability 

Respiratory frequency determined by AEFishBIT was similar in all 
three groups (average mesor of 1.76–1.84 breaths/s). In contrast, the 
records of jerk accelerations highlighted the increase of physical activity 
with the decrease of available space in the smaller tanks (Fig. 6). Thus, 

Table 1 
Effect of biosensor attachment on growth performance of juvenile fish allocated 
in two 500 L tanks (15 fish per tank, 7 tagged with AEFishBIT and 8 non-tagged). 
Values are the mean ± SEM of 14–16 fish fed once daily during 10 days after 
AEFishBIT attachment. P-values of Student-t-test are indicated.   

With AEFishBit Without AEFishBit P-value 

Initial BW (g) 263.01 ± 6.90 258.56 ± 8.92 0.692 
Final BW (g) 294.48 ± 7.35 291.17 ± 9.70 0.785 
Initial CFa 2.77 ± 0.03 2.72 ± 0.02 0.147 
Final CFa 2.82 ± 0.03 2.80 ± 0.03 0.619 
Weight Gain (%IBW) 12.04 ± 0.36 12.68 ± 0.04 0.276 
SGRb 1.14 ± 0.03 1.19 ± 0.04 0.279  

a Condition factor, CF = 100 x (body weight/standard lenght3). 
b Specific growth rate, SGR = 100 x (ln final body weight - ln initial body 

weight)/days. 

Fig. 3. Linear correlation between fasting weight loss (% initial body weight, 
IBW) and respiratory frequency assessed by AEFishBIT. Mean respiratory fre-
quency values for each individual fish through 8 fasting days are represented. 
Recording time: 2 min windows every hour along 8 days. 
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the physical activity of fish placed in 3000 L tanks was significantly 
lower than in those put in 90 L or 500 L tanks under similar culture 
densities. 

3.6. Measurements of respiratory decreased with the progression of 
parasitic enteritis 

AEFishBIT records suggested a decrease in the physical activity of 
parasitized fish in comparison with non-parasitized, though this feature 
lacked statistical significance (Fig. 7A). Regarding respiratory fre-
quency, it was significantly lower in parasitized than in non-infected fish 
(Fig. 7B), and interestingly this decrease was more obvious when the 
different progression stages of parasitic enteritis (P-High, P-Medium and 
P-Low) were considered. Moreover, P-High fish evidenced rhythmic 
changes in respiratory frequency with a lower mesor, but also with 
lower amplitude (Fig. 8). 

4. Discussion 

The present study constitutes the proof of concept that a small smart 
biosensor can be used for individual fish phenotyping of welfare, activity 
and metabolic condition. The tested operculum attachment procedure 

based on monel piercing and a polyethylene tube has been proven of 
utility in gilthead sea bream, with no changes in growth performance 
and no signs of tissue damage up to 10 days after tagging, being the 
sensitivity of AEFishBIT high enough to analyse whole-organism 
behaviour in fish facing a wide range of stresses as summarized in Fig. 9. 

The use of conventional and untargeted omic methodologies based 
on transcriptomics, proteomics or metabolomics has given insights at 
the cellular and tissue level on the adaptation of farmed gilthead sea 
bream to its challenging environment (Cordero et al., 2016; Martos- 
Sitcha et al., 2016; Mateus et al., 2017; Piazzon et al., 2017; Gil-Solsona 
et al., 2019). Other approaches have considered the use of integrative 
measurements of whole-organism traits, and recent studies in this and 
other fish species clearly evidenced a changing gut microbiome 
following variations in diet, season, age, sex, or genetic background 
(Hovda et al., 2012; Piazzon et al., 2017, 2019b, 2020; Kokou et al., 
2018). Observations of animal behaviour by video-recording are also an 
interesting indicator of fish health welfare, but individual determination 
and quantification of distress often become difficult (Martins et al., 
2012; Castanheira et al., 2017). Likewise, measurements of swimming 
performance are considered a convenient tool for metabolic phenotyp-
ing of fish and gilthead sea bream in particular (Martos-Sitcha et al., 
2018; Palstra et al., 2020), though isolation of animals in swim tunnels 

Fig. 4. Cosinor adjustment of consensus data (jerk accelerations, A, C; Respiratory frequency, B, D) over the course of light and dark phases of one-year-old (A, B) 
and three-year-old (C, D) gilthead sea bream (eight individuals each). Mesor (M), amplitude (A), acrophase (ɸ), and p-value (P) for the cosinor adjustment are 
indicated. Asterisks represent significant differences between age + 1 and + 3 fish (*, P < 0.05; ***, P < 0.001, t-test). Arrow and dotted vertical line mark usual 
feeding time (4:15 ZT, local time 11:00 h) as a synchronizing factor. Mesors are represented by horizontal straight lines. 
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for forced swimming exercise are out of their free-swimming routine 
conditions. Alternatively, the use of miniaturized devices is of utility for 
tracking spatial position in fish, being also able to give measurements of 
heart rate, blood flow or muscular movements by monitoring the tail- 
beat frequency (Cooke et al., 2016; Brijs et al., 2018). However, the 
size and weight of biologgers currently available in the market make 
them suitable only for large fish (> 500 g) with a post-surgery recovery 
of several days after internal attachment procedures. Additionally, the 
transmission of data by acoustic or radiofrequency becomes problematic 
due to overlapping signal interferences among devices or the low 
communication range in the aquatic environment (Heupel et al., 2006; 
Palmeiro et al., 2011; Crossin et al., 2017). These technological con-
straints largely limit the final size, weight and operational lifetime of 
wire-less biosensors. This is the reason that drove us to design a small 
and smart biosensor working in stand-alone mode for a minimally 
invasive phenotyping of welfare and metabolic condition of farmed fish 
and gilthead sea bream in particular (Martos-Sitcha et al., 2019). In any 
case, the choice of the operational system and tagging method (external 
attachment, surgical implantation) ultimately depends on fish species, 
life stage and research question (Thorstad et al., 2013; Jepsen et al., 
2015), being conceived AEFishBIT for its preferential use at laboratory 
scale during short periods of time for precise monitoring of whole-traits. 

Potential negative effects of device tagging must also be considered. 
The first AEFishBIT prototype was tagged using mouse and rabbit lab-
oratory tags for the adhesive fixing of a 3D-printed rigid pocket con-
taining the device. Such procedure was valid for 1–3 days recording 
periods, but transient inhibitions of feed intake were observed in fish 
weighing less than 300 g (Martos-Sitcha et al., 2019). Moreover, some 
devices were not retained by the adhesive tag system or fell off after 
tearing the operculum tissue. Herein, most of these problems were 
solved by using the monel piercing & polyethylene ring procedure as a 
routine method to maximize device recovery under extended recording 
periods (8–10 days) until battery exhaustion. This was proven with high 
success with no impact on normal behaviour, growth performance and 
operculum-gill integrity. The same tagging procedure has been tested 
successfully in European sea bass (Ferrer et al., 2020), and first attempts 
with flatfish have also yielded good results due to the high ossification 
level of the operculum in these species. However, alternative tagging 
procedures can be required for other fish species. For instance, in 
rainbow trout and Atlantic salmon, the shape of the head in addition to 
an increased operculum fragility resulted in gill lamellae damage shortly 
after tagging, with a high proportion of devices found at the bottom of 
the tanks after operculum tearing. Thus, pilot studies based on surgical 
interventions are currently being developed within the framework of 

Fig. 5. Changes in physical activity (A) and respiratory frequency (B) of pro-
active and reactive fish facing severe hypoxia. (C) Body weight of proactive and 
reactive fish. Means ± SEM are represented (N = 2–6). Changes of activity and 
respiratory frequency are calculated as a percentage. Asterisks represent sig-
nificant differences between proactive and reactive fish (P < 0.05, t-test). 
Recording time: 2 min time windows every 15 min. 

Fig. 6. Mesor of physical activity determined by cosinor analysis of gilthead sea 
bream reared in 3000 L (white bar), 500 L (grey bar) and 90 L (black bar) tanks. 
Each value is the mean ± SEM of eight individuals. Different letters indicate 
significant differences (P < 0.05, one-way ANOVA). Recording time: 2 min 
windows every 15 min along 2 days. 

E. Rosell-Moll et al.                                                                                                                                                                                                                            



Aquaculture 539 (2021) 736609

7

AQUAEXCEL2020 EU project for a firm attachment of the AEFishBIT 
device to the operculum of these species (unpublished results). 

The usefulness of AEFishBIT measurements can be also dependent on 
species, but functional tests in free-swimming gilthead sea bream as a 
reference fish clearly stated that the simultaneous monitoring of loco-
motor activity and respiratory frequency is a reliable tool to assess the 
welfare status and metabolic condition in a wide range of challenging 
conditions. For instance, individual and fish species differences in fast-
ing tolerance are highly dependent on the metabolic rates (McKenzie 
et al., 2014; Vandeputte et al., 2019), and the close positive linear as-
sociation between fasting weight loss and the recorded AEFishBIT res-
piratory frequency also highlighted this finding in the present study. 
Likewise, according to the general thinking, we also evidenced the 
decrease of metabolic rates with advancing age (Fukagawa et al., 1990; 
Fidhiany and Winckler, 1998; Roberts and Dallal, 1998) when com-
parisons were made between individuals of class +1 and class +3. Since 
AEFishBIT measurements of physical activity also revealed a more 
continuous physical activity of younger fish, these two types of mea-
surements can give information on the growth potentiality of individuals 
at a given developmental stage, being proposed the use of respiratory 
frequency and physical activity algorithms as a marker of biological age 
or growth potentiality of selected farmed fish populations. Such 
approach would contribute to shape individuals with less aggression to 
conspecifics with the benefit of lowering stress levels, and collective 
improvements of growth and FCR at optimal swimming speed (Boes-
gaard et al., 1993; Jobling et al., 1993). 

In our experimental setup, the respiratory frequency was not a 
discriminating factor of fish behaviour in hypoxia challenged fish. As 
expected, it was increased mostly equally in all tested individuals. 
However, AEfishBIT measurements of jerk accelerations of physical 
activity served to highlight a different behaviour that will support the 

escape reactions of proactive individuals under severe hypoxia. This is of 
practical interest in selective breeding programs because the different 
way that individuals perceive their environment has a major impact on 
their robustness when facing different stress or diseases challenges 
(Øverli et al., 2007). Indeed, proactive and reactive Atlantic salmon 
shared marked differences in neuronal activity under acute stress 
(Vindas et al., 2017). Furthermore, proactive animals are often larger 
and show more aggressive and dominant behaviour (Castanheira et al., 
2017). Certainly, individuals classified as proactive fish in our hypoxia 
test shared a higher body weight than their reactive counterparts. 

The detrimental effect of high culture densities on fish growth per-
formance, immune and antioxidant responses are well determined 
(McKenzie et al., 2012; Suárez et al., 2015). However, regardless of 
density, the available space for free swimming must also be considered 
for establishing proper fish welfare. In this regard, the decrease of tank 
size leads to more chaotic trajectories in a continuous way that can affect 
fish welfare status and performance. This was clearly established with 
our AEFishBIT measurements of physical activity (jerk accelerations) in 
fish placed in 90, 500 and 3000 L tanks. This finding will be, thereby, of 
utility to determine the optimal tank or cage size for maintenance of 
good welfare, and hence good performance and production. It will also 
be useful for determining the time of adaptation when moving animals 
for recovering from sampling or other activities linked to intensive 
farming conditions, which are especially stressful in intensive aquacul-
ture systems (Ashley, 2007; Harper and Wolf, 2009). 

The myxozoan parasite E. leei invades slowly and progressively the 
intestinal epithelium of the host inducing loss of appetite and poor food 
conversion rates, leading to disease signs such as emaciation, loss of 
intestinal integrity and permeability, diminished growth and condition 
factor, cachexia and eventually death (Sitja-Bobadilla et al., 2019). It 
produces severe epizooties and production losses in Mediterranean fish 

Fig. 7. Average of physical activity index (A) and 
respiratory frequency (B) of non-parasitized (Nega-
tive, white bars) and parasitized gilthead sea bream 
(Positive, black and grey bars). Each value is the 
mean ± SEM (N = 10 for Negative and Positive; N =
5 for P-High; N = 2 for P-Medium; N = 3 for P-Low). 
Different letters indicate significant differences (P <
0.05, one-way ANOVA). Asterisks represent signifi-
cant differences with the Negative group (*, P < 0.05; 
***, P < 0.001, t-test). Recording time: 2 min win-
dows every 15 min along 2 days.   
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farms (Sitjà-Bobadilla and Palenzuela, 2012). Therefore, early detection 
of the parasite before the manifestation of external signs might be 
crucial to discard risky fish stocks or to precede sanitary control actions. 
Meanwhile, AEFishBIT measurements of respiratory frequency are of 
diagnostic value and a highly valuable complement to other diagnostic 
techniques, as the apparent reduction of metabolic rates (respiratory 
frequency) reflected the different states of the progression of this model 
of parasitic enteritis. This can be viewed as a characteristic feature of the 
metabolic rearrangements occurring during the progression of chronic 
disease, which would be indicative of a hypometabolic state as part of 
the host defence mechanisms that also occur in other models of mucosal 
parasitic infections in fish (Piazzon et al., 2019a). Besides, the possibility 
that differences in the initial behaviour and metabolic rates of fish in-
dividuals could be indicative of their predisposition to be infected is 
currently under study. 

In summary, the ability of AEFishBIT to determine at the same time 
physical activity and respiratory frequency, and hence yield information 
about the welfare and metabolic condition of individuals, is feasible 
thanks to its unique operculum attachment. However, it is important 
that tagging protocols are optimized for each species and research 
question with the final aim of associating the different activity and 
behaviour patterns arising from AEFishBIT measurements with better 
performance or differences in stress and disease resilience. In contrast 
with other tags and sensors used as operational welfare indicators for 
monitoring swimming activity or heart rate (Føre et al., 2021; Svendsen 
et al., 2021), AEFishBIT can be employed for the precise monitoring of 
small fish with an attachment procedure that requires a minimal re-
covery time (few hours post-tagging). This opens new research oppor-
tunities for incorporating measurements of organism behaviour as a 
routine procedure of researchers, fish farmers, and fish feed producers 
and breeders to establish stricter and new criteria of welfare and se-
lective breeding in a scenario of global change where reduced O2 
availability and disease susceptibility are becoming major aquaculture 
stressors around the world. 
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From operculum and body tail movements to different coupling of physical activity 
and respiratory frequency in farmed gilthead sea bream and European sea bass. 
Insights on aquaculture biosensing. Comput. Electron. Agric. 175, 105531. https:// 
doi.org/10.1016/j.compag.2020.105531. 

Fidhiany, L., Winckler, K., 1998. Influence of body mass, age, and maturation on specific 
oxygen consumption in a freshwater cichlid fish, Cichlasoma nigrofasciatum 
(Guenther, 1869). Comp. Biochem. Physiol. A 119, 613–619. https://doi.org/ 
10.1016/s1095-6433(97)00474-1. 

Flash, T., Hogan, N., 1985. The coordination of arm movements: an experimentally 
confirmed mathematical model. J. Neurosci. 5, 1688–1703. https://doi.org/ 
10.1523/JNEUROSCI.05-07-01688.1985. 

Føre, M., Frank, K., Norton, T., Svendsen, E., Alfredsen, J.A., Dempster, T., Eguiraun, H., 
Watson, W., Stahl, A., Sunde, L.M., Schellewald, C., Skøien, K.R., Alver, M.O., 
Berckmans, D., 2018. Precision fish farming: a new framework to improve 
production in aquaculture. Biosyst. Eng. 173, 176–193. https://doi.org/10.1016/j. 
biosystemseng.2017.10.014. 
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